ABSTRACT
INTRODUCTION
Docosahexaenoic acid (C22:6n3; DHA) is an omega-3 polyunsaturated fatty acid (PUFA) and one of the essential fatty acids necessary for infants during brain and retinal development. In mammals, DHA can be either acquired directly from the diet or there is a limited ability to synthesize it from linoleic acid (C18:3n3) or eicosahexaenoic acid (C20:5n3) obtained from the diet as precursors, with DHA finally obtained via a retro-conversion of C24:6n3 to C22:6n3 by the Sprecher pathway (17, 19) . The benefits of DHA (C22:6n3) have been extensively studied in aspects of nutritional and clinical effects in humans, animals and aquaculture. It is found as a major constituent of the phospholipid membrane in the brain and in the rod outer segment in the retina (up to 60% DHA) (9) . DHA has been shown to improve cognitive performance in healthy adults and also play an important role in a circulatory system as DHA can 188 Chodchoey, K. et al. Growth, fatty acid profile fluidity of A. mangrovei increase flexibility and strength of arterial walls (3) . The main source of DHA is from fish and seafood. In addition, many researches have been found that a number of microalgae in the group of thraustochytrids produce a significant amount of DHA. Cryptheconidium cohnii and the thraustochytrid, Schizochytrium sp., are now commercially applied to DHA production (21) . Although, the production of fish oil does not involve high technologies in the cultivation and oil extraction like the production of DHA oil from microalgae. However, the population of fish is reduced and fish could get contaminated with mercury. Furthermore, the production of fish oil might affect the balance of marine ecosystems. Thus, DHAcontaining oil from marine microalgae could be a sustainable source of omega-3 oil. In addition, many studies have shown that DHA-containing oil from marine microalgae is effective and probably safer than fish oil in order to meet the demand for human consumption (3) .
Aurantiochytrium (formerly Schizochytrium) mangrovei
Sk-02, a thraustochytrid, was isolated from a mangrove forest in Hong Kong. Previous reports on growth and fatty acid production of this strain showed that high DHA production (up to 4.7 g/L or 22.5% of dry cell weight) could be obtained from a glucose-yeast extract-sea salt medium in shake flask cultivation (24) . Other studies with A. limacinum OUC88
showed the effect of temperature and salinity on the biomass and total fatty acid production (27) . In a more recent study, the effect of temperature on growth and total fatty acid composition in Aurantiochytrium sp. strain mh0186 was reported (23) . However, there are no reports on the fatty acid profile of the major lipid changes or the membrane fluidity in
Thraustochytrids as a function of temperature. Therefore, the objectives of this research were to investigate the effect of cultivation temperature on growth, cellular fatty acid composition, fatty acid composition in major lipid classes and lipid fluidity. The results from this research might be useful for further optimization of DHA production by this strain in both triacylglycerol and phospholipid form. Moreover, the results could add more physiological information in terms of the lipid characterization and lipid fluidity of A. mangrovei Sk-02 as a function of growth temperature.
MATERIALS AND METHODS

Microorganism and culture conditions
Aurantiochytrium mangrovei Sk-02 (formerly Schizochytrium mangrovei Sk-02) was provided by Prof. Lilian where: GF = I hv / I hh is the grating factor that is an instrumental correction factor; I is the intensity of fluorescence emitted;
while v or h refer to the vertical and horizontal direction, respectively. A higher value of anisotropy ( r ) indicates a Growth, fatty acid profile fluidity of A. mangrovei lower fluidity.
Lipid classes separation and fatty acid analysis
Lipids from dried cells were extracted by chloroformmethanol-distilled water (1:2:0.8 v/v/v) described by (2) . The solvents were added to the dried cells in a sequence starting from chloroform, methanol and distilled water as described by (15 
Statistical analysis
The data was statistically analyzed by using one-way analysis of variance, and significant differences were identified by the Duncan and Tukey's test (P < 0.05). The analysis was done by SPSS Version 17.0 software (SPSS, Chicago, IL, USA).
RESULTS AND DISCUSSION
Effect of culture temperature on growth
The neighbor-joining (NJ) tree showed the phylogenic position of Aurantiochytrium mangrovei Sk-02 (JF260953) and its related species based on 18S rRNA gene sequences (Fig. 1) .
The morphology and fatty acid profile of this strain suggested that the genus and specie of this microalga was closely related
to Aurantiochytrium mangrovei according to the taxonomy rearrangement of Schizochytrium sp. (26) . In this study, A.
mangrovei Sk-02 was grown on 40 g/L glucose at various Growth, fatty acid profile fluidity of A. mangrovei 
Effect of culture temperature on total fatty acid profile
As shown in Table 1 and Figure 3 , the major saturated fatty acid found at all cultivation temperatures was palmitic acid (C16:0) and the major polyunsaturated fatty acid was DHA (C22:6n3). However, the ratio of C16:0 (mg/g-DCW) to C22:6n3 (mg/g-DCW) increased from 0.9 to 2.1 as a growth temperature increased from 15 to 35°C. In addition, some minor UFAs like C16:1 and C18:1 were also found but they were not included in the data, since the sum of them was less than 1% of total fatty acid (TFA) or 4 mg/g-DCW (data not shown). An increase in growth temperature was accompanied by an increase in the percentages of C16:0, stearic acid (C18:0) and DPA (C22:5n6), except for the condition at 35°C ( Table   2 ). The percentage of total saturated fatty acid (SFA) increased from 51.4 to 61.3% of TFA with an increase in growth temperature from 12 to 35°C. In contrast, the percentage of total unsaturated fatty acid (UFA) was negatively correlated with an increase in the culture temperature ( Table 2 ). The percentage of DHA in total fatty acid (TFA) decreased significantly from 41.8 to 26.1% whereas, C16:0 increased significantly from 36.3% to 55.2% of TFA with an increase in the growth temperature from 12 to 35°C, respectively ( Table   2 ). These results were in accordance with previous reports.
For example, in Aurantiochytrium sp. strain mh0186, the amount of UFA and DHA decreased 1.2-times and at 1.3-times, when the temperature increased from 10 to 15°C, respectively (23) . Similarly, in A. limacinum, the amount of DHA decreased from 37.6 to 24.8% of TFA but C16:0 increased from 38.0 to 41.6% of TFA when the cultivation temperature increased from 16 to 30°C (27) .
In order to study, whether growth was oxygen limited, experiments were conducted in which the initial liquid volume was varied in 500 mL baffled flasks containing 50 to 250 mL in 50 mL increments at 30°C. Only at a volume of larger than 150 mL, a decrease in µ max or linear growth was observed (data not shown). Hence, oxygen was not limited in the conditions used in this study. Alternatively or additionally, the FA profile might be a function of the specific growth rate (µ), which was strongly dependent on the cultivation temperature (Fig 2c) . Furthermore, trends in TFA profiles versus cultivation temperature reported for Aurantiochytrium sp. mh0186 where similar to those reported in the present study (23) . However, for mh0186, growth curves were linear and similar for all temperatures tested, suggesting that specific growth rate might not be the major factor determining FA-profiles, although this cannot be ruled out.
Unfortunately, the actual intermediates of PUFA production by PKS pathway have not been identified so far.
However, the enzyme reactions in PKS pathway showed that DPA was not an intermediate for DHA synthesis in the PKS pathway (16) , hence a separate pathway can be postulated. In our study a clear effect of temperature on the ratio of DHA (C22:6n3) to DPA (C22:5n6) was observed, for example, the ratio was 8.3 at 12ºC and 3.5 at 35°C (Table 1) . These results were in agreement with the trend reported for A. limacinum SR21 and Aurantiochytrium sp. strain mh0186, respectively (27, 23) . Hence, the regulation of the DPA versus DHA formation appeared to be quite different and it can be concluded that DPA was not a precursor for DHA as already suggested (20) . The odd-number fatty acid (pentadecanoic acid, C15:0) was synthesized from propionyl CoA derived from specific amino acids present in yeast extract. Propionyl Moreover, the results of GC analysis of cells by direct methylation method were similar to the results of fatty acid composition of lipid extracted from the Bligh and Dyer method followed by acid methylation for GC analysis (Fig. 3a) . The data from this study showed that cells stored lipid predominantly in the form of neutral lipid (NL) (> 75% of total cellular lipid). NL was composed of triacylglycerol (TAG), diacylglycerol (DAG), monoacylglycerol (MAG), sterol ester (SE) and sterol (S) as shown by TLC of NL from cells grown at various temperatures (Fig .3b) . In addition,
FFA and PL were also visible on TLC (Fig. 3b) . In order to exclude the possibility that FFA arose from lipase activity during handling, fresh cells were heated at 70°C for 15 min which abolished intracellular lipase as assayed in cell-free extracts by pNPP measurement (data not shown) but gave identical TLC patterns as non-heated cells. FFA accounted for 3 -5% of the total cellular lipid weight and total PL was approximately 18% of total cellular lipid. The data was independent of the cultivation temperature (Fig. 4 ). (Fig. 5) . In phospholipids, the percentage of DHA decreased significantly from 53.5 to 35.5% of TFA in total PL whereas C16:0 increased markedly from 39.9% to 52.0% of TFA in PL as the growth temperature increased from 12 to 35°C (Fig. 6 ). The major fatty acid composition in NL and PL as a function of temperature were basically similar but the percentage of DHA in total fatty acid of total PL was higher as compared to that in NL ( Fig. 5 and Fig. 6 ). For C20 PUFAs (C20:3n6 and ). Therefore, it might be not worth for the large scale production to cultivate the microorganism at low temperature and effort should rather be focused on screening for a strain with a high DHA/DPA content. For example, DHA of strain G13/2S was 43% of TFA in batch fermentation at 27°C (7).
The forms of lipid containing in A. mangrovei were mainly NL, FFA and PL. The percentage of DHA (68.5% or 65 mol% of TFA) in non-aPL at 15°C (Fig. 7) showed that it might be possible to have PC with DHA at both sn-1 and sn-2 position as one molecule of phospholipid is composed of 2 moles of free fatty acids. Therefore, PL in particularly DHA-containing non-aPL, especially PC in both the residual oil after TAG purification and the cell debris could be an interesting byproduct to add more value to large scale production of DHA from Aurantiochytrium sp. It has been suggested that DHAcontaining phospholipids are a better form of DHA as they are two times more bioavailable in the brain than in triacylglycerol or ethyl esters forms (14) . Moreover, a report on the development of fish larvae by feeding DHA in the form of TAG and PL showed that DHA-containing PL was more effective than TAG-containing DHA (8) . 
CONCLUSIONS
